for neurosurgery in rodent and canine animal models for up to 12 months. This work significantly improves on the current gold standard in cranial fixation using metallic implants (and also nondegradable plastic ones) with substantial evidence of advantageous long-term performance in the large animal model, including the excellent biocompatibility inducing no noticeable foreign-body reaction, controlled degradation generating no hazardous residues, and importantly, being compatible to major neuroimaging techniques (e.g., MRI and X-ray) producing no artifacts. In addition, it addresses some key challenges of previously reported cranial devices made of biodegradable natural proteins and synthetic biopolymers in general by demonstrating reliable and scalable production, improved material strengths, in vivo structural stability, and bone remodeling after long-term cranial implantation.
Results

Device Fabrication, Biosafety Assessment, and Its Application to Cranial Fixation
Reliable production of large-size silk parts are difficult in the previous work because of the presence of air bubbles within the bulk materials. [14, 15] In this work, we improve on the fabrication procedure and are able to manufacture large-size, defect-free silk parts (diameter > 20 mm, length > 100 mm) by preconcentrating the silk solution and carefully releasing the air bubbles in a controlled manner ( Figure S1a ,b, Supporting Information). The silk-based fixation system consisting of screws and strips is fabricated from the silk fibroin proteins extracted from silk cocoons (Figure 1a) . Briefly, the fabrication of silk screws involves two main solvent
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Figure 1. Silk-based cranial fixation system. a) Fabrication procedures of silk screws (Process A) and strips (Process B). b-g) Optical and SEM images of as-fabricated silk screws and strips. Both screws and strips can be functionalized by doping with appropriate molecules (e.g., plasmonic nanoparticles, fluorescent dyes, and chemotherapeutic agents). h,i) Application of the silk cranial fixation system in canine models.
www.advancedsciencenews.com www.advhealthmat.de displacement processes, including (1) an 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)-to-methanol displacement which induces the secondary structure transition within the silk rod and changes the solubility, and (2) a methanol-to-water displacement, which removes the remaining methanol content in the fabricated silk parts. The silk rod after HFIP-to-methanol displacement and drying for 25 d (Phase I) shows fine ductility ( Figure S2 , Supporting Information) and good machinability which facilitates the stamping process (at ambient conditions) for desired screw heads (Figure 1d ,f). In this work, "+" shaped cross recesses are deployed with optimized geometries, which allow the silk screws to be easily secured to a standard orthopedic screw driver via pure friction, as opposed to magnetism in metallic screws ( Figure 1d and Movie S1, Supporting Information). Silk plates are fabricated with an inherently bubble-free method via HFIPevaporation, where the evaporation speed of HFIP is precisely controlled to tune the material uniformity and surface morphology ( Figure S1c ,d, Supporting Information). The silk strips are designed with countersink structures and inner threads ( Figure 1e ) which allows "self-locking" between the silk screws and strips to prevent sliding between the bone flaps and the silk strip for better fixation ( Figure S3 , Supporting Information). Note that both silk screws and strips can be easily functionalized by being soaked in an aqueous solution loaded with appropriate molecules (e.g., fluorescent dyes, plasmonic nanoparticle, and therapeutic agents) via the water absorption of silk (Figure 1b,c; Figure S1a , Supporting Information). Solid and stable cranial fixation is achieved with the silk screws and strips to firmly anchor the bone flap to the cranium of a dog (Figure 1h,i) . Comprehensive quantitative characterizations of the silk-based system regarding the criteria of preclinical applications criteria using the silk material are also conducted, such as cell culture, bacterial endotoxin and heavy metal content (see Table 1 ) for verifying the biocompatibility and applicability of silk-based fixation system.
Molecular Weight Dependent Mechanical Properties and Fracture Behaviors
Fixation systems must have adequate mechanical strengths for the large forces-both rotational and linear-involved in both the operation (bone fixation) and healing (bone remodeling) processes. Mechanical properties of silk bulk materials are highly dependent on the molecular-weight (MW) distribution which can be controlled by regulating the degumming [17] and dissolving conditions, [18] for instance, the processing temperature and duration. To study the influence of the molecular weight on the mechanical properties of silk bulk materials, silk fibroins are prepared by standard degumming processes with durations of 10, 30, 60, 90, and 120 min at 100 °C [17] and 180 min in a high-temperature-and-pressure (HTP) condition (121 °C @ 15 psi). The resulting bulk silk materials are hereinafter referred to as 10M, 30M, 60M, 90M, 120M, and HTP silk, respectively. In general, silk bulk materials with higher average MWs (as those prepared with shorter boiling time) showed greater ductility, while the decrease in MWs of silk fibroins features a corresponding increase of brittleness in bulk materials (molecular distribution of silk materials under various preparation conditions is included in Figure S4 of the Supporting Information). The MW-dependent fracture mechanism of silk bulk materials is illustrated in Figure 2a (more details in Figure S5 of the Supporting Information).
A set of samples from 10M silk to 120M silk are tested for mechanical performance, where maximum values of both the yield strength and the Young's modulus are observed in 60M silk (Figures S5 and S6a,b, Supporting Information). This might be because 60M silk has a relatively optimal molecular chain length distribution to promote better intermolecular hydrogen bond formation. Similar results are found by mixing the 10M silk (relatively long chain) and HTP (relatively short chain) at different mixing ratios to regulate distribution of molecular chain lengths. The mechanical properties versus processing conditions have been re-examined thoroughly based on these nonintuitive outcomes that are explained by a "protein/biopolymer concrete" mechanism where mechanical properties are not monotonically dependent on the degumming time, which determines the average molecular weights/chain sizes (as widely accepted in previous works). [11, 17, 18] Maximum strength is achieved with an ideal molecular distribution (a mixture of long and short protein chains for optimal crosslinking and close packing via hydrogen bonding). For example, the strength of the mixed silk parts increases with a small amount of HTP silk added into the 10M silk, and shows a peak value with about 30-40% content of HTP silk (Figure 2b ; Figures S8a-c and S9a, Supporting Information). The yield strength (or rupture strength) reduces with the further increase of HTP silk contents. The Young's modulus of silk materials shows a similar variation where the maximum value is obtained with 30-40% of HTP silk added in the 10M silk (Figure 2c ; Figure S9b , Supporting Information).
Subsequently, a series of fracture tests are conducted on the silk samples from 10M to 120M silk for fractographic analysis. The tensile fracture surface of 10M silk shows mixed-rupture characteristics of quasi-cleavage and dimples, which is a typical ductile fracture (Figure 2d ; Figures S5d and S8e, Supporting Information). [19] On the other hand, the tensile fracture surfaces of 30M and 60M silk display the characteristics of cleavage fracture, where the cleavage steps and cracks join together to form the flat fracture surfaces ( Figure S5d , Supporting Information). [20] According to the direction-dependent stress fracture behaviors of bulk silk material by adjusting the molecular-weight distribution. e) Schematic of the composition distribution of protein secondary structures from the surface (i.e., high crystallinity) to the interior (i.e., low crystallinity) of the silk bulk material. f ) AFM-IR spectroscopic imaging of the silk bulk material at nanoscale at 1625 cm −1 , which is the characteristic absorption peak of β-sheet structure. The β-sheet contents decrease rapidly from the surface to the interior of the silk bulk material. g) Crystalline levels in the surface and the interior according to the deconvolution of ATR-FTIR absorption spectrum. Consistent crystallization levels are observed at the surfaces of all silk materials with different molecular distributions under different mixing ratios between 10M silk and HTP silk. Note that 30% of HTP silk content promotes the maximum crystallization in the interior of the silk bulk material and thus yields the best mechanical strengths which is in good agreement with experimental results in (b). n = 5.
www.advancedsciencenews.com www.advhealthmat.de analysis in rigid bodies, the shear stress reaches a maximum value along the plane that is 45° from the tensile axis. [21] As the molecular weight of silk fibroin decreases further, more cracks arise on the plane that is 45° from the tensile axis because of the decreasing tolerance of in-plane shear force (which reaches a maximum value at 45° from the tensile axis), [21] as shown on the tensile fracture surfaces of 90M and 120M silk ( Figure S5d , Supporting Information). The ductility-to-brittleness transition of 10-120M silk can also be observed from the shear and tensile stress-strain curves ( Figure S5a ,c, Supporting Information).
The afore mentioned transition of fracture mechanics is experimentally observed with a set of samples prepared by mixing the 10M silk and HTP silk at different ratios that achieves similar molecular chain length distributions as in the case of 10M to 120M silk. The increasing content of HTP silk in the 10M silk material leads to a decreasing ductility and increasing brittleness ( Figure 2c ; Figure S8 , Supporting Information), which is evident from the morphological changes of the tensile fracture surfaces-reduction of dimples and increase of cleavage cracks (HTP silk ≤ 10%), growth of cracks oriented 45° from the tensile axis on the cleavage fracture surface (10% < HTP silk ≤ 60%), and formation of sloping fracture surfaces along the same plane (60% < HTP silk ≤ 90%) ( Figure S8e , Supporting Information). The HTP silk itself is so brittle that the residual internal stress in the material caused cracks inside the bulk HTP silk ( Figure S8d , Supporting Information). However, even a very small amount of 10M silk (10%) in the mixture can efficiently absorb the residual internal stress and maintain the integrity of the bulk material. The transition from ductile to brittle behaviors can be attributed to the molecular chain length distribution and thus the crystallinity of the silk parts (Figure 2d ). Although longer molecular chains will lead to more molecular entanglements, it can cause difficulties in the formation of compact and complete intermolecular hydrogen bonds of β-sheet conformation. Therefore, longer molecular chain owns a better flexibility and rotational freedom resulting in the good ductility of 10M silk. As the length of molecular chain decreases, the protein molecules of silk fibroin tend to pack together orderly in the crystalizing process. Thus, the medium MW silk possesses the greatest mechanical strength and Young's modulus due to a compact network formed by long protein chains interweaved by shorter chains (similar to the concrete reinforcement strategy via the addition of crushed sand in the cement matrix at an optimal ratio). [22] However, more extraction time in the degumming process causes more degradation and defects to the protein side chains, which adversely affects the crystallizing degree of silk materials. In addition, less intermolecular bonding between relatively-short protein chains will also cause the increase of brittleness (e.g., >90% content of HTP in 10M silk yields the bulk material unmachinable).
Macro-and Nanoscale Infrared Spectroscopic Characterization of the Conformation of Silk Materials
To study the structural transition interface in the silk material, near-field infrared spectroscopy (AFM-IR, from Anasys Instruments Inc., USA) is employed to study the composition distribution in the cross section of silk bulk materials with nanoscale resolution. The pulsed IR laser causes a rapid local thermal expansion that excites resonant oscillations of the AFM cantilever, yielding wavelength-dependent IR absorption spectra with a spatial resolution better than 50 nm, which enables the investigation of the structural transition interface in the silk bulk material. [23] The methanol treatment is a widely accepted method to induce Silk II phase, [14, 24] and such phase is indeed present on the surface of the fabricated material. However, the majority of the silk bulk materials is found to be Silk I structures by examining the conformational structure in the cross section of silk rods, revealed by AFM-IR (Figure 2e ,f). The absorption peak centered at ≈1650 cm −1 indicates Silk I while the peak centered at ≈1625 cm −1 indicates a Silk II crystalline conformation. [25, 26] The absorption spectra show that the crystalline degree of silk fibroin is much higher on the surface of the bulk material, and exponentially decays to a small value within a few microns underneath the surface ( Figure S10 , Supporting Information). The difference of compositional distribution can be clearly observed from the AFM-IR spectroscopic image evident from the IR absorption variation along the depth direction at 1625 cm −1 (Figure 2f ; Figure S11a , Supporting Information) and 1650 cm −1 ( Figure S11b , Supporting Information). This can be explained by the higher moving freedom of protein molecules near the surface (that is directly exposed to methanol) to self-assemble into β-sheet structure from amorphous state which is the major protein conformation of the silk fibroin in HFIP solution. [27] Since mechanical properties are mostly determined by the interior part of the material (the transition only extends ≈8 µm from the surface), this finding is vital to understand the mechanical performance of the fabricated silk parts.
To verify the dependence of mechanical strength on the molecular structure, we've prepared a set of samples and characterized the material composition and crystalline degree using attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR, a far field characterization technique). Predominant silk II phase (β-sheet rich, insoluble) is observed near the surface of the fabricated silk parts, whereas a high content of silk I structure (an insoluble metastable state of the fibroin protein with a combination of random coil, α-helix, and β-sheet [25] ) is observed in the interior cross section of the silk parts. Similar results are found for a variety of silk samples with different MWs under different extraction and postprocessing conditions (e.g., degumming time, mixing ratios and methanol immersion duration varying from 1 to 7 d) (Figures S12-S14 and S20, Supporting Information).
The dependence of crystallinity on the molecular-weight range is also experimentally investigated by analyzing the ATR-FTIR absorption spectra of the interior of the silk rods and its corresponding deconvolution. [28] Although the crystalizing degree barely changes near the surfaces of the silk parts which are made by mixing 10M and HTP silk at different ratios ( Figure 2g ; Figure S12 , Supporting Information), the crystallinity of the interior part changes with the HTP silk portion in a tendency that is consistent with the mechanical strength and Young's modulus results, where the 30% content of HTP silk yields the highest interior crystallinity (Figure 2g ; Figure S13 , Supporting Information). The dependence of crystallinity on molecular weight is also verified in the 10-120M silk, where the www.advancedsciencenews.com www.advhealthmat.de 60M silk owned the highest crystallinity ( Figures S6c and S14 , Supporting Information).
Antibacterial Functionalization of Silk-Based Fixation Systems by Drug Loading via Absorption
The functional model demonstration is vital to the verification of the applicability of the silk-based cranial fixation systems, which is extensively evaluated from different perspectives including antibiotics molecules loading/release (ampicillin is loaded in this work as an example of such molecule), in vitro and in vivo verification of efficacy.
As a proof-of-principle demonstration of the drug loading/ releasing capability of silk-based cranial fixation systems, the silk parts are loaded with ampicillin by being immersed in an aqueous drug solution (Figure 3a) . Water uptake of the silk parts reaches a maximum value in ≈24 h ( Figure S15 , Supporting Information). Although the maximum strength decreases when hydrated ( Figure S16 , Supporting Information), it will not affect the operation of silk screws according to the hydration timeline. [14] The space between the intermolecular bonds and molecular-entanglement linkages of silk fibroin allows small molecules, such as sodium-copper-chlorophyll and ampicillin to infiltrate, diffuse and adsorb into the material. The drug loaded silk parts are then wiped dry to remove the drugs that are attached to the surfaces. For better visualization of the diffusion of small molecule drugs, the silk parts are loaded with sodium-copper-chlorophyll (a small-molecule green color dye) to mimic the drug diffusion, showing high aggregation near the surface and decays exponentially in concentration in the interior of the silk parts (Figure 3a) . Controlled drug loading of antibiotics by diffusion. a) Diffusion study of drug-loading process into silk parts using sodium-copperchlorophyll (a small molecule substance with a green color for better illustration) (n = 5). b) Inhibition of E. coli by the ampicillin-doped silk screws after coculturing for 24 h in vitro (n = 5). The antibiotic effectiveness shows better performances with increasing ampicillin concentrations during the soaking step. Longer soaking times show little improvement in terms of the antibiotic effectiveness. c) Inhibition of S. aureus by the ampicillin-doped silk plates. The ampicillin loaded plates were implanted at S. aureus infected sites in rats with blank silk strips as the control group. d) After 7 d of implantation, both the silk plates and the infected tissues were harvested, homogenized and incubated for 12 h at 37 °C. The tissues in the control group show severe infection, which is confirmed by visual inspection of the implant sites and the bacteria counting results. The average S. aureus population in the control group is ≈11 times larger than the population in the experimental group using ampicillin-doped silk plates (n = 5). **p ≤ 0.01. Figure S17 (Supporting Information) shows the sterile areas of Escherichia coli cultured dishes with the ampicillinloaded silk screws. The silk screws loaded with ampicillin (treatment group) and blank ones (control group) are cocultured with E. coli for 24 h. The antibacterial effects of the ampicillin-loaded silk screws can be enhanced by increasing the antibiotics concentration in the immersion step (p < 0.05), while the varying immersing time (1-24 h) in the antibiotics solution contributes very little (Figure 3b ). This is due to the local accumulation of antibiotics near the surface of silk bulk materials, which is mostly determined by the antibiotics concentration in aqueous solution. Since the release speed of antibiotics from the silk to the surrounding tissues or liquid is largely influenced by the concentration gradient of the loaded drugs between the silk surface and surrounding matrix, the concentration of antibiotics near the silk surface will determine the rapid drug release in the initial stage (e.g., 24 h in the tests).
The drug concentration gradient in the silk parts is crucial for clinical applications including postsurgical infection abatement, where an early-stage fast antibiotics release is necessary, and long lasting (>7 d) resistance of potential infections with decreasing antibiotics dosage until complete self-healing is achieved. [29] For example, within the critical wound healing period (7 d after neurosurgical operation), the implantation site is subject to a potential high risk of infection, which posts a severe health threat to the patient; thus, intravenous antibiotics infusion is commonly used. [30] However, after ≈7 d of operation, only a low dosage of antibiotics is needed to avoid subcutaneous bacteria invasion and keep the implantation site free from infection. [31] To address this issue, we developed the ampicillin-loaded cranial fixation system with controllable drug releasing profiles that gradually reduce the dosage of antibiotics as the wound starts to heal. This is realized by controlling the diffusion of the antibiotics in the silk parts during the drug loading process. The controlled doping depth and dosage of the drug loaded silk parts, which can be tuned by varying the drug concentration and the immersion duration, offers a versatile and customizable platform for strictly sterile brain surgery and infection-free surgical operations. Control-release profile of ampicillin of the silk screws in 7 d is shown in Figure S18 (Supporting Information).
To investigate the in vivo antibacterial effect of ampicillinloaded silk parts, the silk parts (immersed in 50 mg mL −1 ampicillin solution for 24 h) and control groups are implanted in rats with a minimally invasive surgery followed by the in situ injection of Staphylococcus aureus suspension (10 µL) and cocultured for 7 d. The surgical site is firstly visually examined to evaluate the antibacterial effectiveness (Figure 3c ). The tissue around ampicillin-loaded silk plates shows no sign of severe infection, while the surgical site with the implantation of blank silk plates and S. aureus (control) began to fester. Further analysis is performed by harvesting the surrounding tissue and silk parts and assessing the number of colony forming units (CFU) in the homogenate. A remarkable reduction of 12 folds in bacterial count is found for the tissue harvested near the implantation site of ampicillin-doped silk strip (Figure 3d) . Meanwhile, loading of ampicillin into silk has negligible effect on the mechanical properties ( Figure S19 , Supporting Information).
Radiolucent and MRI Compatibility, Long-Term In Vivo Degradation Behaviors of Silk Screws in a Rodent Model
Rodent models are widely used for the evaluation of the magnetic compatibility of implanted devices with well-established protocols and are cost-effective for studying the degradation behavior of the silk fixation devices due to their similarities to human body environment. In vivo degradation of the silk screws is studied in a rodent model for up to 6 months using male Sprague-Dawley rats (Figure 4a) . Before implantation, the compatibility of the silk-based fixation system with standard sterilization process (e.g., Co60) and radiation treatment (e.g., X-ray) are assessed. A standard sterilization process of Co60 (Institute of Radiation Technique, China, dosage: 25 kGy, a standard dosage for medical device sterilization [32] ) and radio-therapeutic X-Ray radiation (Synergy-VMAT, Sweden, dosage: 10 Gy, the maximum allowable radiation dosage for a single radiotherapy session [33] ) is conducted for the silk-based fixation system. Minor changes of the molecular structure near the very surface (<10 µm) of the silk parts is caused by the Co60 radiation without noticeable compromise on the mechanical properties of the silk parts ( Figure S20 , Supporting Information). This reinforces the applicability of the silk-based fixation system in the neurosurgical operations.
Three sets of silk screws (2 mm in diameter) made of a mixture of 10M and HTP silk with different ratios (#1: 100% 10M, #2: 70% 10M + 30% HTP, #3: 20% 10M + 80% HTP) were then prepared and successfully self-tapped into craniums and assessed after implantation for 1, 3, and 6 months. MRI brain images of the rats are acquired at different implantation times clearly showing the presence of the silk screws. No artifacts are produced and no inflammation specified MRI signals are observed due to the silk implants (Figure 4b ). It is known that many metals are incompatible with MRI [34] and even pose dangers to medical safety. [35] Compared to titanium implants, silk materials exhibit excellent magnetic compatibility regardless of the magnetic field intensity in MRI scanners, including currently widely used 1.5 and 3.0 T MRI scanners and even the state-of-the-art 7.0 T ones.
In vitro degradation of silk fixation devices has been previously investigated using many proteases including protease K, collagenase, alpha-chymotrypsin, and macrophages, [12, 36] showing surface erosion rather than bulk degradation. The erosion causes a decrease in the material weight and strength. Based on our long-term in vivo study, an average degradation speed of ≈1% per month was found within 6 months (Figure 4c ). Accelerated degradation was observed with the increase of HTP silk content due to less molecular entanglement and short molecular chains. Figure 4d shows the morphological changes of the silk screws in rats after the implantation, where cracks can be observed in screw threads as the silk screws degrade. The threads of #3 screw began to fade away after 6 months, while the #1 and #2 screws remained well-shaped. Clinical concerns of hollow structures and incomplete bone remodeling caused by the internal autocatalysis degradation and holes in the devices made of synthetic polymers such as poly(lactic acid) (PLA), [37] can be resolved using the silk fixation parts.
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Long-Term In Vivo Study of the Silk Cranial Fixation System in a Canine Model
Recent studies have suggested that canine models can offer better analogies to human for the test of fixation effect in terms of their larger body sizes (and thus higher mechanical strength requirement) and more similarities of metabolisms to human. [38] Therefore, the preclinical study of the silk-based fixation system, with the emphasis on the long-term structural stability and bone remodeling for up to 12 months, was carried out in the male Canis familiaris (Figure 5a) , a commonly used canine type as functional models. [38] All animal studies were carried out in accordance with protocols approved by the Fudan University Animal Care and Use Committee. Bone flaps were removed and replaced with the silk screws and strips anchored. Figure 5b shows the fixation of bone flap to the dog cranium with two strips and four screws, while a cranial fixation using four strips and eight screws is included in Figures S21 and S22 (Supporting Information). Sturdy fixation without shift or breakage of the silk screws and strips was observed during the surgery with the existence of body fluids, which could hydrate the silk parts and compromise their mechanical property (see Movie S2, Supporting Information). The performance of the silk-based devices is comparable to the titanium alloy ones in terms of providing sufficient fixation strength. Additionally, its flexibility at certain angles contributes to easier operation and manipulation, and perfect bone surface continuity is observed after bone flap replacement. The dogs maintained vigor with no signs of abnormal living conditions after the surgery (see Movie S3 in the Supporting Information). Vital signs were stable and within normal limits.
One month after the surgery, we exposed the skull bone by reincising the scalp to check the effectiveness of fixation. The surgical wound recover well after 31 d and no significant infection or adverse foreign-body reaction were found during the healing period (Figure 5a were able to maintain their position without any backing out from the bone nor deviating from the implantation location, even using surgical clamps to violently punch and shake the bone flap (see Movie S5 in the Supporting Information). Connective tissues were found between the adjacent bones after one month implantation ( Figure S22a , Supporting Information), which was not strong enough for effective bone reconnection as the bone flap can be easily detached from the skull bone, after removal of the silk screws. Follow-up monitoring of the conditions of the dogs was conducted for up to 12 months and the dogs exhibited normal behaviors. Complete reconnection of the bone flap with skull bone was observed from the superior (Figure 5c ) and inferior views of cranium (Figure 5d ; Figure S22b , Supporting Information). The implanted silk screws were well-jogged with bone tissue, and began to erode and crack in a surface-to-interior manner during degradation (Figure 5e ). The deposition of collagen and osteoid tissues extends over the screw, representing early osteoblast deposition. Proteases and immune cells (e.g., macrophages) have been investigated to be responsible for the degradation of silk scaffolds; and the degradation product of polypeptides and amino acids can be directly absorbed by the body. [12] In the first stage of degradation process, surface erosion and cracks arise on the silk materials; then, as the cracks grow and converge together, the small structures on the silk material surface produced by the erosion process will be surrounded by the growing tissue until complete degradation is achieved. [12] The collagen tissue has grown into bony suture between the bone flap and original skull bone to toughly reconnect the separated bones (Figure 5f reactions was found in the perisuture area. The adaptive immune response will not be activated by the implanted silk; and thus formation of antibodies toward silk and downstream severe reactions can be eliminated. [12] Meanwhile, no reduction of bone thickness or osteoporosis was observed in the fracture area or surgical site. Therefore, stress shielding, which has been negative side effects for orthopedic hard-metal implants, can be avoided by using the silk-based fixation system as reported in this work. The study to verify cranial fixation effectiveness and in vivo biocompatibility in canine model (the first such study, to the best of our knowledge) presents a positive illustration of silk bulk materials being suitable for implanted fixation system.
Discussion and Conclusion
Currently, screw/strips and clamps are still dominating the cranial fixation market since they are both simple to use and offer better resistance to impact when compared to other methods. [2, 3] Metals, i.e., stainless steel, cobalt-chromium, and titanium alloys, are still the gold standard materials for fixation systems including cranial ones; however, they suffer from problems such as high shielding stress, risk of infection and foreign body reaction, inducement of temperature sensitivity and uncomfortable tactile sensation. [7, 8, 39] On the other hand, synthetic biopolymers such as PLA and poly (lactic-co-glycolic acid) (PLGA) exhibit the risk of inflammation, incomplete bone remodeling, and risk of localized accumulation of water and carbon dioxide during degradation. [37, 40] Also, long term carcinogenic possibility of polymer-based materials (associated with chronic inflammation [41] ) cannot be eliminated according to several studies in recent years. [42] Detailed comparison between the silk material and current commonly-used cranial materials is included in Table S1 (Supporting Information).
Silk material offers great biocompatibility compared to many commonly used cranial biomaterials such as titanium alloy, ceramics, and polymers (such as PLA, PLGA). Meanwhile, silk protein is compatible with major radiological examination methodologies and free of stress shielding effects compared to metal cranial implants. In addition, facile biochemical modification of silk materials will benefit the clinical application of silk-based fixation systems with therapeutic functions. Moreover, the patients may also favor the nonmetallic based fixation system for aesthetic reasons since they can be better concealed underneath the skin of the patient without tactile sensation during its gradual degradation.
Furthermore, radiation is a commonly used medical tool not only for sterilization but also therapeutic purposes. For example, a large proportion of the surgical instrument and implantable devices should be sterilized by Co60 before formally used; and radiotherapy must be performed to patients with malignant brain tumors after the surgery. While surgeons need to attempt to perform MRI carefully on patients with titanium implants, excellent magnetic compatibility of silk materials guarantees no limitation of almost every radiological examination, including currently widely used 1.5 and 3.0 T MRI scanners and even the state-of-the-art 7.0 T ones.
The development of silk fibroin devices such as blocks, scaffolds, foams, films, and gels have opened up an enormous potential for their use in medical device industry. Further development on this platform includes using genetically engineered biopolymers such as recombinant spider silk proteins, whose intrinsic properties (e.g., mechanical strengths and degradation rates) and functions (e.g., fluorescent and antibacterial) can be modified by directly editing the DNA sequence [43] that guides the production of the proteins and render a more programmable platform for cranial fixation systems and medical implants.
In summary, we report the preclinical development and in vivo efficacy verification of a silk cranial fixation system in functional models by addressing key challenges toward clinical use. This work provides new insight on structure-strength relations in naturally extracted proteins with inevitably wide distribution of chain sizes and thus molecular weights via the proposed "protein concrete" mechanism, which has been experimentally verified in silk materials at macro-and nanoscale. We also present an effective strategy for manufacturing large-size defectfree silk parts ready for precise 3D machining. The silk cranial fixation system provides robust support to the bones with tunable mechanical strengths and degradation rates, and can be further functionalized by incorporating therapeutic agents with programmable release profiles. The stability and biocompatibility of the internal structural support, degradation behaviors, as well as the clinical compatibility with MRI, X-ray radiation, and Gamma sterilization using Cobalt-60 have been thoroughly studied, underscoring the favorable clinical application of this system for neurosurgery.
Experimental Section
Preparation of Lyophilized Silk Fibroin: Chopped B. mori cocoons (10 g) were degummed by boiling in 0.02 m Na 2 CO 3 (Sigma-Aldrich, USA) solution (4 L). In the standard degumming process, the boiling time of silk cocoons was selected as 10, 30, 60, 90, and 120 min to modulate the molecular weight, as the protein chains randomly degrade during this process. Besides, another degumming process was carried out in a HTP condition (121 °C @ 15 psi) for 180 min to maximally predegrade the protein chains. The degummed silk fiber was rinsed for 3 × 20 min in deionized water and allowed to dry for more than 12 h. Subsequently, the dry silk fiber (10 g) was dissolved in 9.3 m LiBr (Sigma-Aldrich, USA) solution (40 mL) at 60 °C for 4 h. The solution was then dialyzed (MWCO 3.5 kDa, Pierce, USA) in deionized water for 48 h and centrifuged for 2 × 20 min at 12 000 r.p.m. to gain the purified silk solution in water. The silk solution was frozen at −80 °C for 12 h and lyophilized until complete sublimation of water. Molecular weight distribution: 200-320 kDa for 10 min boiled (10M) silk; 150-250 kDa for 30 min boiled (30M) silk; 90-180 kDa for 60 min boiled (60M) silk; 85-160 kDa for 90 min boiled (90M) silk; 75-150 kDa for 120 min boiled (120M) silk; and 55-110 kDa for HTP silk.
Preparation of Silk Rods and Screws: Lyophilized silk fibroin was dissolved in HFIP (Sigma-Aldrich, USA) in the beaker at initial concentrations of 16% (w/v) for 10M silk, 20% (w/v) for 30M silk, 23% (w/v) for 60M silk, 26% (w/v) for 90M silk, 29% (w/v) for 120M silk, and 32% (w/v) for HTP silk. The beaker was sealed with parafilm (Bemis, USA) to prevent evaporation of HFIP until fully dissolution of the silk. Subsequently, the silk solution was preconcentrated by drilling through holes (using 0.1 mm needle) in the parafilm cover and maintained ventilation for >48 h for slow volatilization of HFIP. The concentration of silk in HFIP could be increased to ≈1.5 times while the solution became very viscous. The silk solution was then transferred to 100 mL Polyvinylchlorid (PVC) tubes and settled for 12 h. The PVC tubes length) served as the mold for the silk bulk material with parafilm sealed. Through holes (0.1 mm diameter) were predrilled in the side wall of PVC tubes. After injection of silk solution, the PVC tubes containing silk solution were settled for 12 h to release the bubbles in the solution prior to removing the parafilm. The molds were then placed in methanol for 4 d. The through holes (0.1 mm diameter) in the side wall of PVC tubes will serve as the passage of HFIP-to-methanol displacement while prevent the viscous silk solution from flowing out. After solidifying in the molds, the silk part was immersed in methanol for another 7 d for maximum structural transition. The silk rods were dried in a fume hood for 20-30 d (Phase I) and machined into various shapes subsequently. The silk screws were then placed in deionized water for 48 h to displace the residual methanol with water prior to drying and baking in a 60 °C oven (Phase II). Preparation of Silk Plates: Lyophilized silk fibroin was dissolved in HFIP in the beaker at a concentration of 10% (w/v). The silk solution was then injected to the square glass molds. Through holes (0.1 mm diameter) were predrilled in the PVC cover sealing the molds to allow smooth volatilization of HFIP (10-15 d) . Thickness of the bulk silk plate was modulated by controlling the mass of silk fibroin. The bulk silk plate was then fixed with two planar steel plates and dried in a fume hood for 15-20 d. The bulk silk plates were then machined into desired shapes. Subsequently, a methanol-to-water gradient was applied to the silk plates. The silk plates were placed in methanol aqueous solutions (100, 70, 30, and 0%, w/v concentration) at an interval of 48 h to slowly displace the residual HFIP with water. The silk plates were then dried in a fume hood for 5-7 d and baked in a 60 °C oven.
Mechanical Properties: Double-end shear, tensile, and compressive tests were performed to investigate the mechanical properties of silk materials using a CMT4204 test machine (SUST, China). Cylindrical silk rods of 25 mm length and 5 mm diameter were prepared for double-end shear tests with a shear rate of 5 mm min −1 . Standardized silk specimens (ASTM E8) with two shoulders and a gage section of 14 mm length and 3.5 mm diameter in between were prepared for tensile tests with a tensile rate of 2 mm min −1 . Cylindrical silk specimens of 6 mm length and 6 mm diameter were prepared for compressive tests with a compressive rate of 1 mm min −1 . The maximum strength was determined with the yielding strength of ductile fracture or breaking strength of brittle fracture according to the stress-strain curves of silk materials. Young modulus was determined with the compressive modulus. All testing silk specimens were baked at 60 °C for 48 h and then settled for 24 h in ambient environment for stability prior to testing. Tests were performed in ambient environment (20 °C temperature, ≈45% humidity).
Nanospectroscopic Study Using AFM-IR: The nanoscale IR spectra were acquired using an AFM-IR system (Anasys Instruments, USA). Topography images were scanned before the IR spectra measurement to precisely locate the point and area of interest. The spectrum was acquired in the range between 1600 and 1680 cm −1 , with a spectral resolution of 1 cm −1 using multiregion laser power settings to ensure consistent signal to noise ratio. AFM-IR spectroscopic images were scanned at wavenumber 1625 and 1650 cm −1 with a scanning area of 20 µm × 20 µm.
ATR-FTIR Analysis: Conformation of the silk materials was analyzed with a VERTEX 70 V spectrometer (Bruker, Germany) using an ATR-FTI) accessory. Fourier self-deconvolution of the amide I and II region was performed with the OPUS software package (version 4.2) supplied by Bruker. As a starting point for the curve-fitting procedure, six individual absorption bands were proposed at 1517, 1545, 1545, 1624, 1650, and 1690 cm −1 , defining β-sheet, random coil, a-helix, and β-turn structures. The curve fitting was successfully performed based on the damped least squares optimization algorithm (>99.9%) developed by LevenbergMarquardt and the assumption of Gaussian band envelopes.
Load of Ampicillin: Sodium ampicillin (Sigma-Aldrich, USA) was dissolved in deionized water (50 mg mL −1 ) and diluted to 5 and 0.5 mg mL −1 . Silk screws and plates were placed in the ampicillin solutions for 1, 6, and 24 h at 4 °C to load the silk with ampicillin. The silk screws and plates were then dried in a fume hood for 12 h prior to antibacterial testing.
In Vitro Zone of Inhibition Testing:
In vitro antibacterial effect was estimated by using the Kirby-Bauer Susceptibility Test, where antibacterial effect was assessed by comparing zones of clearance in bacterial lawns. 50 µL of E. coli culture with a concentration of 10 7 -10 8 CFU m −1 is plated on a standard agar plate. The silk screws were then placed on the plates. After 24 h of coincubation at 37 °C, the diameter of the inhibition zone surrounding each sample was measured.
In Vivo S. aureus Infection Studies: Male Sprague-Dawley rats weighing 250 g were shaved on the head. Rats were anesthetized with an injection of ketamine-xylazine mixture (90 mg kg −1 ketamine, 10 mg kg −1 xylazine) for surgery and infection. The operative area of skin was cleaned with alcohol; and the silk plates were implanted on the shaved head of each animal with a minimally invasive surgery. Bacteria culture of 10 µL containing ≈4 × 10 5 CFU of S. aureus was hypodermically injected at the surgical site after implantation of the silk plates to induce local infection. After 7 d, animals were anesthetized while the tissues at the implantation site and infected silk plates are excised and transferred to sterile 50 mL Falcon tubes containing 10 mL of sterile Dulbecco's phosphate buffered saline for further processing. The mice were then euthanized by carbon dioxide asphyxiation.
Tissue Homogenization and Bacteria Counting: Excised tissue samples and silk plates were weighed and homogenized using a mechanical homogenizer. Bacteria in the homogenate are estimated by standard plate count methods. 10 µL homogenate was plated on a standard LuriaBertani broth plate. Colonies were counted after 12 h of incubation at 37 °C. The bacterial count is expressed as the number of CFU per cm 2 .
In Vivo Degradation Studies: Male Sprague-Dawley rats weighing 250 g were shaved on the head. After rats were anesthetized with an intraperitoneal injection of 4% chloral hydrate (0.6 mL/100 g) for surgery. A 15-mm longitudinal incision is made along the scalp. The cranial bone is exposed and three 1.8 mm diameter, 3 mm long bone holes were drilled with an orthopedics drill bit. Screws (diameter of ≈2 mm) are inserted with the use of an orthopedics Phillips screwdriver by self-tapping. The incision is closed using 5-0 Vicryl suture. Animals are euthanized after 1, 2, 3, and 6 months. Silk screws were taken out from the cranial bone and separated from surrounding tissue. Silk screws were washed with saline (15 min) and deionized water (10 min) in an ultrasonic bath and dried at 60 °C for 48 h prior to weighing. For surface morphological analysis, samples were sputter coated with 10 nm Pt and then imaged using a Hitachi S4800 SEM (Hitachi, Japan).
Cranial Fixation Studies: Male C. familiaris weighing ≈20 kg were shaved on the head. The dogs were anesthetized for surgery (3% pentobarbital sodium 0.5 mL kg −1 via intravenous injection, sumianxin 0.08 mL kg −1 via intramuscular injection). A 50 mm longitudinal incision was made along the scalp. The cranial bone was exposed and a bone flap of 3 cm × 2 cm × 0.5 cm was excised from the cranial bone. Four 1.8 mm diameter, 3 mm long bone holes were drilled on the edge of bone flap and cranial bone, respectively, with an orthopedics drill bit. The bone flap was then refixed on the cranial bone with 8 silk screws and 4 silk plates. Insertion of silk screws was conducted as described in the above section of in vivo degradation studies. All animal studies were approved by the Fudan University Animal Care and Use Committee and conducted by an experienced surgeon.
Histological Preparation: The specimens (excised silk screw, strip, and bone blocks) were placed in the decalcifier until the bone became flexible and soft (≈100 h). The decalcified specimens were processed with ethanol and xylene, and then embedded in paraffin. Paraffin blocks were then sectioned through the screw at 5 µm intervals. Sections were then baked on glass slides at 60 °C and stained with hematoxylin and eosin.
MTS Assay for Cytotoxicity: Cells (L929) and substrates were prepared with a final volume of 100 µL per well. The substrates included a Dulbecco's modified eagle medium (DMEM) solution (reference group), 5% dimethylsulfoxide (DMSO) in DMEM, and sliced silk parts (4.5 mm in diameter and 1 mm in thickness to fit the well). The samples were incubated for 72 h. 100 µL DMEM and 20 µL 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) solution were added to each well, and incubated for 48 hours at 37 °C. The absorbance was read at 490 nm. Limulus Test for Endotoxin: The endotoxin stock solution contained 5 µg of endotoxin per mL of sterile water for injection. When the stock solution was stored at 2-4 °C, the endotoxin was stable for at least 1 year. From this stock solution, fresh standards containing 0.01, 0.02, 0.04, 0.06, 0.08, and 0.10 ng of samples (pulverized silk part, sodium chloride, and deionized water) per mL of sterile water for injection or buffer were prepared for use each day. Limulus amebocyte lysate was then added to each sample. The samples were then incubated at 37 °C for 60 min for observation.
Analysis of Ash and Minerals: 3 g of powdered silk was prepared and put in a high temperature furnace at 600 °C. The sample was slowly heated to avoid flaming. After the residue mass remains constant, the final mass was measured with scale.
Heavy Metal Content: 0.5 g of silk powder was digested by using combination of concentrated mineral acids (10 mL conc. HF + 5 mL conc. HNO 3 + 1-2 mL HClO 4 ) in a 60 mL capacity teflon crucibles. Samples were heated at a temperature range of 85-90 °C in the crucible with the lid on for 4 h to ensure complete breakdown of primary minerals. After 4 h lid was removed and samples were heated to complete dryness. In the second step, 10 mL concentrated HNO 3 and 1-2 mL HClO 4 were added and again heated at 90 °C to complete dryness. Finally, the dried samples were washed by 20 mL 1 m HCl and transferred to a 100 mL volumetric flask by regular swirling. The teflon crucible was rinsed 2-3 times with 1 m HCl and quartz distilled water (QDW) to ensure complete recovery of digested samples and solution was poured into a volumetric flask. The volume was made up with QDW. Elemental analysis in all samples was done using inductively coupled plasma atomic emission spectroscopy (ICP-AES).
Determination of Dry Weight Loss: Silk parts were smashed into powder form with <2 mm size. 2 g of the powder was weighted and put in 105 °C desiccator for complete dryness. The dried powder was weighted again to determine the dry weight loss.
Statistical Analysis: All experiments were conducted with a minimum of N = 3 for each data point; and the data obtained were expressed as the mean ± standard deviation. Statistical analysis of the data was performed the using SPSS 18.0. The error bars in all figures indicate standard errors and the p-value was determined by two-tailed unpaired t-test or one-way ANOVA test. Differences were considered significant when p < 0.05.
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